Introduction
Amino acids, which are of great importance in biochemistry, are molecules composed of one amine group, a carboxylic acid group, and one of a series of side chains that vary among different amino acids. Amino acids play central roles both as building blocks for proteins and as intermediates in metabolism. These two roles are played by the twenty-two standard amino acids taken up by the human body, which are either used to synthesize proteins and other biomolecules or are oxidized to urea and carbon dioxide to produce energy. 1 Within the proteins, 20 amino acids are found with a wide spectrum of chemical functions. 2 Two of these are sulfur-containing amino acids; cysteine and methionine. The only trait differentiating cysteine from serine is the sulfur of its thiol replacing the oxygen of the alcohol. Cysteine plays an important role in stabilizing extracellular proteins. It can also react with itself to form an oxidized dimer by forming a disulfide bond. The thiol residue of cysteine is readily oxidized in electrochemical reactions at the surface of various thiol-sensitive electrodes. Tryptophan, an essential amino acid, is the largest of amino acids in size. It is also a derivative of alanine, having an indole substituent on the β carbon. The indole functional group absorbs strongly in the near ultraviolet part of the spectrum. The indole nitrogen can donate hydrogen bonds, as a result of which tryptophan, or at least the nitrogen in it, is often in contact with the solvent in folded proteins. 2 The neprilysin (NEP)/endothelin-converting enzyme (ECE) family of metalloproteases contains of cysteine and tryptophan. 3 Cysteine is critical for the proper folding of the enzyme, its export from the endoplasmic reticulum, and its maturation in the secretory pathway. In addition, site-directed mutagenesis revealed that the conserved tryptophan residue of the sequence CEVW appears to be important for endoplasmic reticulum export and is essential for enzyme activity. Deletion of tryptophan or substitution with alanine greatly slowed the maturation of the enzyme, and resulted in more than a 90% loss of enzyme activity relative to the wild type. 3 In addition, presence of tryptophan affects on the proteinase-binding site. 4 Thus, simultaneous determination of L-cysteine and tryptophan is important.
Different methods have been reported for the determination of L-cysteine and tryptophan in different samples. These include chromatography, 5-8 electrophoresis, 9-11 spectrophotometry, [12] [13] [14] and chemiluminescence. [15] [16] [17] [18] However, electroanalytical methods have attracted more attention in recent years for cysteine and tryptophan determination due to their sensitivity, accuracy, lower cost, and simplicity. [19] [20] [21] It is well known that the direct electrochemical oxidation of these materials at the surface of a bare glassy carbon electrode (GCE) is irreversible; therefore, a high overpotential is required for their oxidation. [19] [20] [21] [22] The oxidation peak currents of L-cysteine and tryptophan overlap at a surface of bare GCE. Hence, modified electrodes are necessary for their determination.
To the best of the authors' knowledge, no study has yet been reported on the voltammetric method using carbon nanotube paste electrodes to determine simultaneously both cysteine and tryptophan. Saurina Two amino acids, L-cysteine and tryptophan, could be simultaneously determined in an aqueous solution (pH 6.0) using a carbon nanotube paste electrode (CNPE) modified with p-aminophenol as a mediator. The results indicate that the electrode is efficient in terms of its electrocatalytic activity for the oxidation of L-cysteine, leading to an overpotential reduced by more than 550 mV. Using differential pulse voltammetry, we could measure L-cysteine and tryptophan in one mixture independently from each other by a potential difference of about 600 mV. Electrochemical techniques are used to determine the diffusion coefficients, kinetic parameters such as electron transfer coefficient, and the rates of electro-oxidation of L-cysteine at the surface of the p-aminophenol-modified CNPE. The peak current is found to depend linearly on L-cysteine and tryptophan concentrations within the ranges of 0.5 -100 μmol L -1 L-cysteine and 10.0 -300 μmol L -1 tryptophan. The detection limits for L-cysteine and tryptophan are found to be 0.3 and 5.7 μmol L -1 , respectively. The proposed method is also used for the determination of L-cysteine and tryptophan in urine, river water, blood plasma, and serum samples using standard addition methods. chemically modified electrodes, [23] [24] [25] [26] we used p-aminophenolmodified carbon nanotube paste electrode (p-APMCNTPE) for the simultaneous determination of L-cysteine and tryptophan. This modified electrode was used for the determination of L-cysteine and tryptophan in real samples such as urine, river water, and serum with a good reproducibility.
Experimental

Chemicals
All chemicals used were of analytical reagent grade purchased from Merck (Darmstadt, Germany) unless otherwise stated. Doubly distilled water was used throughout. p-Aminophenol was used from Fluka, L-cysteine and tryptophan were from Aldrich; all were used as received.
A stock 1.0 × 10 -3 mol L -1 L-cysteine solution was prepared daily by dissolving 0.0120 g L-cysteine in water and the solution was diluted to 100 mL with water in a 100-mL volumetric flask. The solution was kept in a refrigerator at 4 C in the dark. More dilute solutions were prepared by serial dilutions with water.
A stock 1.0 × 10 -3 mol L -1 tryptophan solution was prepared daily by dissolving 0.0240 g tryptophan in a buffer solution, pH 6.0, in a 100-mL volumetric flask, and under ultrasonication for several minutes. More dilute solutions were prepared by serial dilutions with water.
Phosphate buffer (sodium dihydrogenphosphate and disodum monohydrogenphophate plus sodium hydroxide, 0.1 mol L -1 ) solutions with different pH values were used.
High viscosity paraffin (d = 0.88 kg L -1 ) from Merck was used as the pasting liquid for the preparation of the paste electrodes. Spectrally pure graphite powder (particle size <50 μm) from Merck and multiwall carbon nanotubes (>90% MWCNTs basis, d × l = (110 -70 nm) × (5 -9 μm) from Fluka were used as the substrate for the preparation of the carbon paste electrode.
Apparatus
Cyclic voltammetry (CV), chronoamperometry and differential pulse voltammetry (DPV) were performed using a Micro-Autolab potentiostat/galvanostat connected to a three-electrode cell, Metrohm Model 663 VA stand, linked with a computer (Pentium IV, 1200 MHz) and with micro-Autolab software. A conventional three-electrode cell assembly consisting of a platinum wire as an auxiliary electrode and an Ag/AgCl (KClsat) electrode as a reference electrode was used.
Impedance spectroscopy was performed in an analytical system using an Autolab PGSTAT 12, potentiostat/galvanostat connected to the above three-electrode cell. The system was run on a PC using GPES and FRA 4.9 software. For impedance measurements, a frequency range of 100 kHz to 1.0 Hz was employed. The AC voltage amplitude of 5 mV was used, and the equilibrium time was 1 min. The working electrode was either an unmodified carbon nanotube paste electrode (CNPE) or a p-APMCNTPE.
The electrodes prepared with carbon nanotubes and with the modifier were characterized by scanning electron microscopy (SEM) (XLC Philips).
A pH-meter (Corning, Model 140) with a double junction glass electrode was used to check the pH of the solutions.
Preparation of the electrode
First of all, the percentages of multiwall carbon nanotubes and p-aminophenol to graphite in the modifed electrode were optimized, using cyclic voltammetry with 0.1 mol L -1 phosphate
The results showed that by increasing multiwall carbon nanotubes from 2 to 8% (w/w) and increasing p-aminophenol from 0 to 1% (w/w) in carbon paste matrix, the catalytic oxidation signal increased and then it levelled off. Therefore, this condition selected as an optimum condition in preparation of the modified electrodes. For the preparation of the modified electrode, 10 mg of p-aminophenol was hand-mixed with 890 mg of graphite powder and 100 mg of carbon nanotubes in a mortar and pestle. Using a syringe, we added 0.88 g of paraffin to the mixture and the contents were mixed well for 40 min until a uniformly-wetted paste was obtained. The paste was then packed into a glass tube. Electrical contact was made by pushing a copper wire down the glass tube into the back of the mixture. When necessary, a new surface was obtained by pushing an excess of the paste out of the tube and polishing it on a piece of weighing paper. The unmodified carbon paste electrode (CPE) was prepared in the same way but without adding p-aminophenol and carbon nanotubes to the mixture in order to be used as a control for comparison.
Preparation of real samples
The urine and serum samples were stored in a refrigerator immediately after collection. Ten milliliters of the sample were centrifuged for 10 min at 2000 rpm. The supernatant was diluted 2 times with a phosphate buffer solution (PBS) (pH 6.0). The solution was transferred into the voltammetric cell to be analyzed without any further pretreatment. The standard addition method was used for the determination of L-cysteine and tryptophan in real samples.
For the determination of cysteine and tryptophan in human plasma, some whole blood was obtained from the Isfahan University Medical Center. First, the plasma was separated from the whole blood. Human whole blood (2.0 mL) was firstly centrifuged for 10 min at 3000 rpm. The supernatant (plasma) was obtained and used for the analysis.
River water was used without any pretreatment for the determination of cysteine in real samples. Figure 1 displays the typical morphologies of p-APMCNTPE electrode (A) and carbon paste electrode (B). As shown in Fig. 1A , p-aminophenol distributed on the surface of MWCNTs and it did not change the morphology of MWCNTs. It can be seen that p-aminophenol and multiwall carbon nanotubes distribute on the surface of the carbon paste matrix, exhibiting a special three-dimensional structure. Figure 2a shows the cyclic voltammograms of p-APMCNTPE in a 0.1 mol L -1 phosphate buffer (pH 6.0) with 0.1 mol L -1 KCl as the supporting electrolyte. As can be seen, the cyclic voltammogram exhibits an anodic peak at a forward scan of the potential belonging to the oxidation of p-aminophenol to its oxidized form, whereas at a reverse scan of the potential, a cathodic peak appears that belongs to the reduction of the oxidized form of p-aminophenol. The cyclic voltammogram of a bare CPE in a pure supporting electrolyte did not show any anodic or cathodic peaks (Fig. 2b) . Experimental results showed that well-defined and reproducible anodic and cathodic peaks belonging to this redox system (with Epa = 0.180 V, Epc = 0.10 V, vs. Ag/AgCl/KClsat and ΔEp = 80 mV) could be used as a mediator for the electrocatalysis of some important biological compounds at a slow electron transfer rate. Clearly, the peak separation potential, ΔEp, is greater than that (59/n) expected for a reversible system. This result suggests that the redox couple in p-APMCNTPE shows a quasi-reversible behavior in an aqueous medium of pH 6.0. 25 The electrochemical determination of L-cysteine is not an easy task when using ordinary carbon electrodes due to the large oxidation overpotential associated with them. One promising approach to minimize the overpotential of analytes is to use modified electrodes. Figure 2g shows a broad anodic peak of around 730 mV due to the oxidation of L-cysteine, while the same CPE modified with p-aminophenol (p-APMCPE) exhibits well-defined oxidation peaks at about 180 mV (Fig. 2c) . The cyclic voltammograms belonging to the modified electrode indicate that it can be used to enhance electronic communication and to reduce the overpontential of L-cysteine oxidation. Compared to p-APMCPE, p-APMCNTPE (Fig. 2d) clearly shows a higher electrocatalytic activity towards L-cysteine in terms of an enhanced current density. In other words, the data obtained clearly show that the combination of carbon nanotubes and p-aminophenol definitely improve L-cysteine oxidation. This is due to the fact that spaghetti-like MWCNTs formed a porous structure in the carbon paste matrix. The entangled cross-linked fibrils offered a highly accessible surface area, therefore, they can adsorb more p-aminophenol at their surfaces than graphite, hence allowing a greater catalytic effect. This was due to the fact that MWCNT increased the electrode surface area.
Results and Discussion
SEM characterization of the modified electrode
Electrochemistry of the mediator
Tryptophan can be oxidized at a potential of about 830 mV at a bare carbon paste electrode (Fig. 2e) . Our studies showed that the oxidation peak potential and the peak current of tryptophan do not change at the modified electrode (curve b). Therefore, tryptophan oxidation cannot be catalyzed at the surface of the modified electrode. This is an opportunity for the modified electrode to be employed for the simultaneous analysis of tryptophan and cysteine. Figure 3 (curves a and b) shows cyclic voltammograms of tryptophan plus L-cysteine and the mixture (curve c) at the surface of CNPE. As can be seen, the peak potential for these compounds is overlapped with them. Therefore, determination of these compounds at the surface of the unmodified carbon nanotubes paste electrode is not possible (curve c). On the other hand, at the surface of modified-CPE (p-APMCPE), we observe two separated potential peaks relative to L-cysteine and tryptophan (Fig. 3d) .
In addition, as shown in Fig. 2 , p-APMCNTPE clearly shows a higher electrocatalytic activity towards L-cysteine; therefore the peak current enhanced.
The influence of scan rate on the electrocatalytic oxidation of 200 μmol L -1 L-cysteine at p-APMCNTPE was investigated by cyclic voltammetry (Fig. 4, insert) . The oxidation peak potential shifted towards a more positive potential with increasing scan rate, confirming the kinetic limitation of the electrochemical reaction. In addition, a plot of peak height (Ip) against the square root of scan rate (ν 1/2 ) in the range of 2 -15 mV s -1 was constructed (Fig. 4) ) confirmed that, at sufficiently high overpotentials, the process is diffusion-controlled rather than surface-controlled.
In continuation of our studies, we used the Tafel plot to determine the electron transfer coefficient (α) in the catalytic oxidation process (Fig. 5) . The slope of the Tafel plot was equal to n(1 -α)F/2.3RT, which came up to 8.552 V decade -1 . We obtained the value of nα equal to 0.49. Assuming that n = 1, then α = 0.49.
In order to optimize the electrocatalytic response of the modified electrode to L-cysteine oxidation, cyclic voltammetry was used with various pH levels (3.0 < pH < 7.0) of a 0.1 mol L -1 phosphate buffer to investigate the effect of pH on the electrocatalytic oxidation of L-cysteine at p-APMCNTPE. The results showed that the maximum electrocatalytic current was obtained at a pH level of 6.0. Therefore, this pH level was chosen as the optimum value for the determination of L-cysteine at p-APMCNTPE. The results also revealed that the oxidation peak current of tryptophan at the surface of this modified electrode changed neither in the presence nor in the absence of L-cysteine. We concluded that tryptophan could not be catalyzed at this modified electrode.
Chronoamperometric study
Chronoamperometry was used to study the electrocatalytic oxidation of L-cysteine at p-APMCNTPE.
In our chronoamperometric studies, the diffusion coefficient, D, of L-cysteine was determined. The experimental plots of I vs. t -1/2 were employed with the best fits for different concentrations of L-cysteine. Using these slopes and the Cottrell equation, we obtained D = (6.2 ± 0.03) × 10 -4 cm 2 s -1
. In addition, the rate constant for the chemical reaction between L-cysteine and the oxidized sites in p-APMCNTPE, kh, was evaluated by chronoamperometry according to the method of Galus:
where IC is the catalytic current of L-cysteine at p-APMCNTPE, IL the limited current in the absence of L-cysteine, and t the time elapsed (s). The above equation can be used to calculate the rate constant of the catalytic process (kh). Based on the slope of the IC/IL vs. t 1/2 plot, kh can be obtained for a given L-cysteine concentration. From the values of the slopes, the average value found for kh was equal to (4.36 ± 0.01) × 10 3 mol -1 L s -1 . This value explains the sharp feature of the catalytic peak observed for the catalytic oxidation of L-cysteine at the surface of p-APMCNTPE.
The repeatability and stability of p-APMCNTPE were investigated using cyclic voltammetric measurements of 10 μmol L -1 L-cysteine. The relative standard deviation (RSD%) for ten successive assays of L-cysteine was 2.4%. When five different electrodes were used, the RSD% value for the five measurements of 10 μmol L -1 L-cysteine was 2.9. When the modified electrode was stored in the laboratory, the modified electrode retained 96 and 93% of its initial response value, respectively, after one week and after 25 days of storage. These results indicate the good stability and reproducibility of p-APMCNTPE.
Simultaneous determination of L-cysteine and tryptophan
Differential pulse voltammetry was used to determine the concentrations of L-cysteine and tryptophan. The responses were linear with L-cysteine and tryptophan concentrations ranging from 0.5 to 100 μmol L -1 L-cysteine and 10 to 300 μmol L -1 tryptophan. The regression equation was ΔIp (μA) = (1.0075 ± 0.0300)CL-cysteine + (1.3703 ± 0.0100) (r 2 = 0.9994, n = 11), where CL-cysteine is the concentration of L-cysteine in μmol L -1 . Also, the regression equation was ΔIp (μA) = (0.2720 ± 0.0201)CTryptophan + (1.3586 ± 0.0403) (r 2 = 0.9961, n = 10) for tryptophan, where CTryptophan designates the concentration of tryptophan expressed in μmol L -1 . The detection limits (3σ) were 0.3 and 5.7 μmol L -1 for L-cysteine and tryptophan, respectively.
The main objective of the present work was to develop a modified electrode that is capable of both electro-catalytic oxidation of L-cysteine and separation of the electrochemical responses of L-cysteine and tryptophan. (Fig. 6 ) or that of tryptophan using the modified electrode. It can be noted that the responses to L-cysteine at p-APMCNTPE were relatively independent of tryptophan responses. The applicability of the modified electrode for the simultaneous determination of L-cysteine and tryptophan was demonstrated by simultaneously changing the concentrations of L-cysteine and tryptophan. The differential pulse voltammograms showed two well-defined anodic peaks with a 600 mV separation of the peaks (Fig. 7) , while the bare carbon paste electrode only yielded overlapped and broad oxidation peaks. Figure 7 (inserts A and B) shows the dependence of differential pulse voltammetric peak currents on the concentration of L-cysteine and tryptophan, respectively. Current sensitivities towards L-cysteine in the absence and in the presence of tryptophan were found to be 1.0075 ± 0.0030 μA μmol -1 L (in the absence of tryptophan) and 0.9264 ± 0.0056 μA μmol -1 L (in its presence). It is interesting to note that the sensitivities of the modified electrode towards L-cysteine in the absence and presence of tryptophan were virtually the same, which indicates that the oxidation processes of L-cysteine and tryptophan at the modified electrode are independent and that simultaneous or independent measurements of the two amino acids are, therefore, possible without any interference.
Interference study and application
In order to evaluate the selectivity of the proposed method in the determination of L-cysteine and tryptophan, we investigated the influence of various foreign species on the determination of 10.0 μmol L -1 L-cysteine and/or 30.0 μmol L -1 tryptophan. The tolerance limit was defined as the maximum concentration of the foreign substances causing an approximately ±5% relative error in the determination. The results are given in Table 1 . Although ascorbic acid shows to have interference in the determination of L-cysteine, the tolerance limit allowed us to measure those amino acids in real samples such as urine. In addition it can be minimized, if necessary, by using the ascorbic oxidase enzyme which exhibits high selectivity to the oxidation of ascorbic acid.
In order to evaluate the applicability of the proposed modified electrode in real sample analysis, we used it for the determination of L-cysteine and tryptophan in urine and blood plasma samples. Standard addition methods were used for calculating L-cysteine and tryptophan concentrations. In addition, an HPLC method 28 was used for the analysis to confirm the accuracy of the proposed method with a standard procedure (Table 2) . For further investigation of the capability of the modified electrode in the determination of cysteine and tryptophan, we used river water and serum samples. The results presented in Table 2 indicate that the modified electrode retained its efficiency for the determination of L-cysteine and tryptophan in real samples with satisfactory results. 
Conclusion
This work presented a carbon nanotube paste electrode chemically modified with p-aminophenol. This voltammetric sensor is simple to prepare and its surface renewal is easy. The electrochemical behavior of p-aminophenol was studied by cyclic voltammetry and chronoamperometry in the absence and presence of L-cysteine. The results showed that L-cysteine oxidation was catalyzed at a pH value of 6.0, where the peak potential of L-cysteine shifted by 600 mV to a less positive value at the surface of the modified electrode. Using differential pulse voltammetry, we measured L-cysteine and tryptophan in mixtures independently from each other with a potential difference of 600 mV. Finally, the proposed modified electrode was satisfactorily used for the simultaneous determination of L-cysteine and tryptophan in real samples. 
